SUMMARY This study was undertaken to determine whether coronary blood flow can be regulated in response to coronary arterial occlusions briefer than a single diastole. The possible involvement of metabolic vs. myogenic mechanisms in such regulation was investigated. Eleven conscious dogs with experimentally produced complete heart block, chronically implanted electromagnetic flow probes, and pneumatic occluders on the left circumflex coronary artery were studied. Diastolic coronary occlusions lasting 100 to 400 msec were performed at paced heart rates of 40, 60, and 120 beats/min. At a heart rate of 60 beats/min, a 200-msec occlusion was sufficiently long to produce a significant reactive hyperemic response; 400-msec occlusions resulted in larger responses, while 100-msec occlusions did not generate a discernible response. The onset of reactive hyperemia was delayed from the end of the occlusion until the first post-occlusion systole. The length of this delay could be altered by changing the heart rate or occlusion duration, but no significant response was detected before the first postocclusion systole. This characteristic of the data is more consistent with a metabolic than with a myogenic mechanism. If the response is metabolic, the data demonstrate that autoregulation of coronary flow by such a mechanism is very rapid, occurring during the first systole in which a flow deficit is detected by the myocardium. Circ Res 50: [28][29][30][31][32][33][34][35][36][37] 1982 THE dependence of the heart on aerobic metabolism and the near-maximal extraction of oxygen from coronary arterial blood under basal conditions necessitate that coronary blood flow is closely coupled to cardiac oxygen requirements. It is well established that coronary vascular resistance is adjusted to maintain adequate coronary blood flow when steady state alterations in perfusion pressure, arterial oxygen content, or myocardial energy demand are experimentally imposed (Belloni, 1979) .
THE dependence of the heart on aerobic metabolism and the near-maximal extraction of oxygen from coronary arterial blood under basal conditions necessitate that coronary blood flow is closely coupled to cardiac oxygen requirements. It is well established that coronary vascular resistance is adjusted to maintain adequate coronary blood flow when steady state alterations in perfusion pressure, arterial oxygen content, or myocardial energy demand are experimentally imposed (Belloni, 1979) .
The reactive hyperemic response has been an important approach to the investigation of coronary vasoregulation since this phenomenon was first described in the heart by Katz and Lindner (1939) . Although most studies have employed coronary arterial occlusions of at least several seconds in duration to produce reactive hyperemia, the response has been elicited by occlusions of duration as brief as one to two cardiac cycles (Bache et al., 1973; Eikens and Wilcken, 1974) .
The present study was undertaken to determine whether or not coronary blood flow can respond to coronary occlusions briefer than a single diastole.
Furthermore, the responses to these fractional-diastolic occlusions were characterized over a range of occlusion durations and heart rates in order to gain insight into the possible mechanism of this phenomenon.
Methods

Surgical Preparation
Eleven adult mongrel dogs, weighing 23-32 kg, were anesthetized with sodium thiamylal (25-30 mg/kg, iv). Following endotracheal intubation, respiration was maintained with an Emerson model 3-PV respirator. A left thoractomy was performed through the 5th intercostal space and the pericardium was opened. A bipolar pacing electrode was sutured to the free wall of the right ventricle. Complete heart block was produced by injection of less than 1 ml of 40% formaldehyde in the His bundle, according to the method of Steiner and Kovalik (1968) . Heart rate was maintained subsequently at 72-90 beats/min by right ventricular pacing, using a Medtronic model 5972 pacemaker. The proximal 2 cm of the circumflex branch of the left coronary artery were dissected free, and an electromagnetic flowmeter probe (model HST, Howell Instruments) was positioned around the vessel. Care was taken to attain mechanical stability of the flow probe on the coronary artery to ensure a consistently stable baseline during subsequent coronary flow measurements. In this report, the term "coronary flow" will denote the measurement of blood flow through the circumflex branch of the left coronary artery. A pneumatic occluder, constructed in our laboratory of polyvinyl chloride tubing (2.7 mm, o.d.), was placed around the coronary artery just distal to the flow probe. The occluder site was chosen so that no branch vessels originated between the flow probe and the occluder; this ensured that no blood could flow through the probe when the occluder was inflated. Placing the occluder distal to the probe ensured that contact between the probe and vessel wall could be maintained during an arterial occlusion. A heparin-filled polyvinyl chloride catheter (3.0 mm, o.d.) was introduced into the arch of the aorta via the left internal mammary artery; another such catheter was inserted through the left ventricular apex into the left ventricular lumen. The flowmeter and pacing electrode leads, catheters, and pneumatic occluder tubing were tunneled dorsally into a subcutaneous pouch but were not exteriorized until the day of the study to protect them from damage. The chest was closed, the pneumothorax evacuated, and the animal extubated. The pacemaker was used to maintain heart rate throughout the postoperative period.
Five additional dogs were studied in the openchest, anesthetized state in order to permit the measurement of peripheral coronary artery pressure. This parameter was used to determine the aortic-to-coronary artery pressure gradient and the time course of peripheral coronary artery pressure during and after coronary occlusion. Such information was necessary to validate the use of aortic pressure as the coronary perfusion pressure in calculations involving data from the conscious dogs. After induction of anesthesia with morphine sulfate (1-2 mg/kg, im) and a-chloralose (200 mg/kg, iv), these dogs were prepared in the same manner as the dogs intended for conscious study. A coronary pressure catheter was constructed by attaching a 22-gauge needle (1 cm long) to a 10-cm length of polyethylene tubing (0.76 mm, i.d.). The needle tip was inserted into the left circumflex coronary artery distal to the balloon occluder. The opposite end of the polyethylene tubing was connected directly to a pressure transducer.
Experimental Protocol
Conscious Dogs
Studies were carried out 7-10 days after the initial surgery. All dogs were active and appeared to be in good health, were afebrile, and had hematocrits ranging from 37 to 47%. The dogs were trained to lie quietly on their right sides during the period of study. The laboratory was kept dimly illuminated and free of noise and other activity which might disturb the dogs. The subcutaneous pouch was anesthetized with 2% lidocaine infiltration and the catheters, wires, and tubing exteriorized through a 1-cm skin incision. Lead II of a standard electrocardiogram was obtained. Coronary flow was measured with a Howell model HMS-1000 electromagnetic flowmeter. Flowmeter calibrations, performed by passing a range of measured flows of normal saline through the flowmeter probes, remained linear with a standard deviation of no more than ±8% for all probes used. The pneumatic occluder was connected to an automatic solenoid-actuated pump, designed to inflate and deflate the occluder at precisely adjustable intervals from the QRS complex of the electrocardiogram. The solenoid valve connected the occluder either to a source of compressed air, during inflation, or to a vacuum at all other times. The pump produced complete occlusion of a coronary artery in approximately 10 msec; deflation occurred in approximately 20 msec. Occlusion durations were reproducible to within ±15 msec. The pump could be activated manually to produce occlusions of duration greater than one cardiac cycle. Aortic and left ventricular pressures were measured with Statham model P23Db pressure transducers. Data were recorded with a Hewlett-Packard model 3955-D magnetic tape recorder and model 7700 8-channel direct-writing thermal recorder.
During the first set of experimental interventions, a paced heart rate of 60 beats/min was maintained with a Grass model S-44 physiological stimulator delivering a 4-msec square wave pulse 25% above threshold voltage through an isolation unit. This heart rate, while physiological, allowed adequate diastolic time to permit a range of fractional-diastolic occlusion durations.
A 10-second complete coronary artery occlusion was performed by inflating the occluder with the pump. This was repeated at least 3 times with an interval of 3-4 minutes between occlusions, and then periodically throughout the duration of the experiment. The degree of reactive hyperemia was compared to established values for 10-sec occlusions (Olsson and Gregg, 1965; Bache et al., 1974) to ensure that the vascular reactivity of the dog was within normal limits.
The pump then was set to initiate a single, fractional-diastolic coronary occlusion in early diastole (approximately 450 msec after the peak of the preceding QRS complex) and to maintain the occlusion for a duration of 400, 200, or 100 msec. Multiple occlusions of each duration were performed in each dog. The sequence of occlusion durations was randomized, and consecutive occlusions were separated by at least 1 minute. In three dogs, six 400-msec occlusions were performed 15 seconds apart, but no decrement in successive hyperemic responses was observed. Thus, a 1-minute separation between occlusions provided ample recovery time.
In eight dogs, a second group of occlusions was performed at a heart rate of 40 beats/min. Occlusions of 400 msec duration, initiated early in diastole, were performed in the same manner as the first set of interventions. Since diastole at this heart rate is greater than 1 second in duration, there remained a long post-occlusion portion of diastole following these occlusions (Do in Figure 1 ).
Six dogs were also paced at 120 beats/min and a third group of occlusions, 100 msec in duration, was performed.
In five dogs, a fourth set of occlusions was performed at a heart rate of 60 beats/min. These occlusions were initiated in mid-diastole (approximately 650 msec after the peak of the preceding QRS complex) and were 200 msec in duration.
Open-Chest Dogs
Studies were carried out immediately after surgical instrumentation. Occlusions were performed at heart rates of 60 and 120 beats/min as in the conscious dogs, with the additional measurement of peripheral coronary artery pressure with a Statham model P23Db pressure transducer.
Data Analysis
Analog data from tape were digitized at 200 samples/sec and smoothed once with a three-point moving average digital filter, using an IBM 1130/ System 7 computer. Data were computer analyzed in 10-second segments, each consisting of 3-10 preocclusion control beats, a beat containing a fractional-diastolic occlusion, and 2-13 post-occlusion beats. The number of beats contained within the segment increased with heart rate. Figure 1 is a schematic representation of such a 10-second coronary flow data segment at a heart rate of 60 beats/ min. The digitized coronary flow data were displayed on an oscilloscope screen for visual identification of specific points in each cardiac cycle. The periods of systole and diastole were defined from the coronary flow waveform as indicated in Figure  1 .
Several hemodynamic parameters were calculated for each pre-and post-occlusion cardiac cycle. These include mean diastolic and systolic coronary artery perfusion pressure (MDP and MSP, respectively) and mean diastolic and systolic coronary flow (MDF and MSF, respectively). For each beat, the diastolic coronary vascular resistance index was calculated as: DCVRI = MDP (mm Hg)/MDF (ml/ sec). Similarly, the systolic coronary vascular resistance index was calculatd as: SCVRI = MSP (mm Hg)/MSF (ml/sec). The average DCVRI and SCVRI for the pre-occlusion beats were computed to serve as the control value for comparison with each of the individual post-occlusion beats. The percentage changes from control of DCVRI and SCVRI were calculated for each post-occlusion diastole (Do through Da in Figure 1 ) and each postocclusion systole (So through S3 in Figure 1 ). Note in Figure 1 that Do represents the post-occlusion portion of the diastole containing the occlusion. The diastolic resistance index for D o was compared to a similar index calculated from the corresponding portion of the control diastoles.
To minimize any influence of fluctuating perfusion pressure on coronary vascular resistance, only those data segments in which mean perfusion pressure in all post-occlusion beats remained within ±10% of the mean pre-occlusion control values were accepted for further analysis.
The blood flow debt (ml) incurred during the brief diastolic occlusion was estimated by calculating the flow that occurred in the pre-occlusion control beats during the same portion of diastole that the subsequent occlusion was produced. Reactive hyperemic blood flow (ml) was calculated as the total coronary blood flow in all post-occlusion intervals minus the product of the control flow rate and the total duration of the post-occlusion intervals. The blood flow debt repayment (%) was calculated as 100 times the reactive hyperemic flow divided by the blood flow debt.
In each dog, data segments obtained during 6 to 9 repetitions of the same intervention were analyzed, and a single average value for each of the above parameters was obtained. Thus, each dog is weighted equally in the final data summary, regardless of the absolute number of data segments that were available for analysis. The reactive hyperemic response following a given intervention was designated as statistically significant if the mean blood flow debt repayment was found to be significantly greater than zero, by £-test. For these responses, the statistical significance of changes in the resistance indices from control was assessed in each time interval using the Student's t-test for paired data. The probability of a type II error, /?, was calculated where appropriate (Ott, 1977) . The duration of hyperemia following fractional-diastolic occlusions was assessed by counting the number of consecutive post-occlusion beats during which resistance indices remained significantly below control levels.
Results
Open-Chest Dogs
At a heart rate of 60 beats/min, the mean aortic pressure during control beats was 87 ± 7 mm Hg (mean ± SEM), the mean peripheral coronary artery pressure was 84 ± 7 mm Hg, and the aortic-tocoronary artery pressure gradient was 3 ± 1 mm Hg.
Peripheral coronary pressure fell rapidly after the onset of a fractional-diastolic occlusion. At a heart rate of 60 beats/min, the mean pressure at the onset of occlusion was 94 ± 9 mm Hg and the pressure drop, Ap, was 36 ± 4 mm Hg after 100 msec of occlusion, 49 ± 5 mm Hg after 200 msec, and 57 ± 6 mm Hg after 400 msec. If an occlusion was maintained for 10-15 seconds, diastolic peripheral coronary pressure reached a stable minimum value (range 9-13 mm Hg). This represents the maximum attainable pressure drop, Ap majl . The ratio of Ap/Ap max was 0.42 ± 0.04 after 100 msec, 0.59 ± 0.03 after 200 msec, and 0.69 ± 0.03 after 400 msec of occlusion. Thus, nearly half of the maximum pressure drop occurred within the first 100 msec of occlusion and nearly three-quarters within the first 400 msec. At a heart rate of 120 beats/min, the mean pressure at the onset of a 100-msec occlusion was 95 ± 7 mm Hg and the pressure drop during the occlusion, Ap, was 49 ± 4 mm Hg.
Upon release of an occlusion, coronary flow rose rapidly to a peak level higher than the maximum flow during control beats (Fig. 2) . This "spike" in the coronary flow waveform, probably due to the refilling of the capacitance vessels, had a duration of approximately 50 msec. Immediately after the spike, coronary flow returned to its control level. In two dogs, the flow probe was also placed just downstream from the occluder. The coronary flow recorded in this manner showed similarly sharp occlusions followed by a post-occlusion spike. Therefore, the post-occlusion flow spike cannot be attributed to the refilling of the compressed segment of vessel immediately beneath the occluder.
Upon release of an occlusion, peripheral coronary pressure rose rapidly and was fully restored to its normal course in approximately 50 msec. Thus, no appreciable error resulted from using aortic pressure as the coronary perfusion pressure in calculating post-occlusion resistance indices, since peripheral coronary pressure had returned to its normal level by the beginning of the first post-occlusion time interval, D<>. emic responses following fractional-diastolic occlusions were qualitatively similar to those in the conscious dogs, reported below. However, the magnitude of the resistance index changes in the openchest dogs was roughly one half of those in the conscious animals.
Conscious Dogs
During control beats at a heart rate of 60 beats/ min, the mean aortic pressure was 94 ± 2 mm Hg and the mean coronary flow was 0.48 ± 0.08 ml/sec. At this heart rate, a 10-second coronary artery occlusion resulted in a blood flow debt repayment of 343 ± 38% (range 166% to 623%). This value is comparable to those obtained by other investigators (Olsson and Gregg, 1965b; Bache et al., 1974) and indicates a normal degree of coronary vascular reactivity. There was no diminution in this response during the course of an experiment. Figure 3 illustrates typical responses to 400-, 200-, and 100-msec fractional-diastolic occlusions at a heart rate of 60 beats/min. Table 1 and Figure 4 display the results from 11 conscious dogs. The longest occlusion duration (400 msec) incurred a blood flow debt equivalent to only 41% of the control coronary flow during one cardiac cycle, with shorter occlusions incurring proportionately smaller debts. Mean post-occlusion aortic pressure was not different from the mean pre-occlusion level.
The hyperemic response was graded according to the length of the fractional-diastolic occlusion, with longer occlusions causing larger drops in DCVRI and SCVRI, greater blood flow debt repayments, and increased response duration. While a 100-msec occlusion at a heart rate of 60 beats/min caused no discernible hyperemia, an occlusion as brief as 200 msec, equivalent to just 22% of control cyclic coronary flow, generated a definite hyperemic response with a mean blood flow debt repayment of 94%.
The blood flow debt resulting from a 400-msec occlusion was overpaid, with a mean repayment of 166%. The response to a 200-msec occlusion lasted an average of three beats; a 400-msec occlusion resulted in hyperemia lasting an average of five beats. Examination of the time course of the responses reveals that DCVRI reached its minimum during Di, the first complete post-occlusion diastole, whereas the minimum SCVRI occurred during the following systole, Si. Beginning with interval D 2 , the resistance indices returned toward their control levels.
An interesting aspect of these results concerns the response during Do, the post-occlusion portion of the diastole containing the occlusion (but not including the post-occlusion flow spike). Following 400-msec occlusions, this period was not sufficiently long to calculate a DCVRI. However, the 200-msec occlusions were followed by a Do period of 290 ± 10 msec. Although this occlusion duration was sufficiently long to generate reactive hyperemia, no response occurred during Do (/? < 0.10). Significant changes in resistance index were first detectable during So, the first post-occlusion systole. Thus there was a delay, or latent period, between the stimulus for and the onset of the hyperemic response. To investigate the characteristics of this latent period, the second and third groups of fractional-diastolic occlusions were performed at other heart rates.
Eight dogs were paced at a heart rate of 40 beats/ min and 400-msec fractional-diastolic occlusions were initiated early in diastole. The D o period following such an occlusion was 520 ± 25 msec in length, slightly exceeding the combined lengths of the Do and So periods following a 200-msec occlusion at a heart rate of 60 beats/min (460 ± 10 msec). This comparison is illustrated schematically in 
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Combined data from all conscious dogs. Post-occlusion time intervals correspond to those shown in Figure 1 . All data reported as mean ± SEM. Do intervals following 400-msec occlusions at a heart rate of 60 or 100-msec occlusions at a heart rate of 120 were not sufficiently long to permit calculation of a resistance index. Coronary' vascular resistance index values are plotted in Figure 4 . * Significant at the P < 0.05 level. •J °ls«_ . p , 005 
FIGURE 5 Left panels: Schematic representations of phasic coronary flow data for each of three interventions designed to elucidate the characteristics of the latent period (HR = heart rate; OCCL.DUR = occlusion duration). Arrows denote onset of occlusion. Right panels: Combined data from all dogs showing percentage changes in coronary vascular resistance index following each of the three interventions. Post-occlusion time intervals correspond to those shown in Figure 1. Error bars represent one standard error of the mean. Asterisks denote those values that were significantly different (P < 0.05) from the averaged control beats for that intervention.
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The average change in DCVRI in the remaining seven dogs was 0 ± 2%. The response to 400-msec occlusions at 40 beats/min also began during So (Fig. 5A ). This finding suggests that the onset of reactive hyperemia following a fractional-diastolic occlusion is not determined by a fixed latent period, but rather is dependent on the occurrence of a postocclusion systole.
To test this hypothesis further, the third group of occlusions was performed, consisting of 100-msec diastolic occlusions at a heart rate of 120 beats/min. In this instance, the combined length of the Do and So periods (180 ± 15 msec) was shorter than the D o period following a 200-msec occlusion at 60 beats/ min (290 ± 10 msec), as shown in panels B and C of Figure 5 . While it has been noted that no response occurred during Do following the 200 msec occlusion, there was a significant drop in SCVRI during So at the higher heart rate, despite the fact that the elapsed post-occlusion time was slightly less than the latent period at 60 beats/min. The D o period at 120 beats/min was too brief to permit analysis. Thus, the latent period varied from approximately 50 msec, in this intervention, to over 500 msec at the slowest heart rate. In all cases, though, hyperemia was first detected in the S o interval.
The fourth group of interventions, performed at a heart rate of 60 beats/min, consisted of 200-msec occlusions which were initiated 200 msec later in diastole than the other occlusions at this heart rate. The end of the So interval following a late 200-msec occlusion occurred at an elapsed post-occlusion time which was less than the latent period following an early 200-msec occlusion Nonetheless, the late occlusions demonstrated a significant drop in SCVRI during S o (P < 0.05), again consistent with the hypothesis that the first post-occlusion systole determines the onset of the response.
The table summarizes the results of occlusions performed at all three heart rates. It is notable that the response to a fractional-diastolic occlusion of a given duration increases with the heart rate at which the occlusion is performed. Thus, a 100-msec occlusion at a heart rate of 120 beats/min generated a significant hyperemic response, whereas an occlusion of the same duration at 60 beats/min did not. Similarly, a 400-msec occlusion resulted in a larger response at 60 beats/min than at 40 beats/min.
Discussion
The present study indicates that the coronary vasculature is extraordinarily sensitive to an interruption of perfusion; at a heart rate of 60 beats/ min, an occlusion of just 200 msec duration, represtnting an average of 22% of the coronary artery flow in a single control cardiac cycle, is sufficient to cause a downward readjustment of coronary vascular resistance and resultant reactive hyperemia. A 100-msec occlusion, equivalent to an average of 11% of the control cyHic coronary flow, did not generate a discernible response. It is not possible to determine whether a 200-msec occlusion represents a threshold stimulus for reactive hyperemia at this heart rate or represents the limit of the detection technique utilized. These findings extend those of Eikens and Wilcken (1974) and Bache et al. (1973) who demonstrated myocardial reactive hyperemia in conscious dogs after coronary occlusions of one to two cardiac cycles duration.
It is advantageous to describe the responses to fractional-diastolic occlusions in terms of vascular resistance, rather than flow. Although, in comparison to the blood flow debt, the reactive hyperemic flow may be substantial, its absolute volume is small. Consequently, reactive hyperemic flow could be affected considerably by a small change in perfusion pressure between pre-and post-occlusion beats, such as that occurring during the course of a normal respiratory cycle. Occlusions were executed randomly with respect to the respiratory cycle, and thus there was no systematic difference between pre-and post-occlusion perfusion pressure; however, the use of resistance, rather than flow, reduces the variability of the data by minimizing the effect of changes in perfusion pressure on flow.
Data are reported here in terms of a coronary vascular resistance index (CVRI), defined as the mean inflow perfusion pressure divided by the mean coronary flow during the same time interval. Calculation of a true coronary vascular resistance (CVR) requires knowledge of an effective downstream pressure representing the height of the "vascular waterfall" (Permutt and Riley, 1963; Bellamy, 1978) . Since this is not a measurable quantity at present, and since the purpose of this study was to detect changes in CVR rather than to quantify the absolute value of that variable, the CVRI is a convenient parameter by which to gauge the responses to brief occlusions. The height of the vascular waterfall is thought to depend on the level of vascular tone and on the intramyocardial tissue pressure. If the latter quantity remains constant, changes in CVR and CVRI will be qualitatively similar although numerically different. It is reasonable to assume such constancy in view of the fact that these interventions did not affect left ventricular pressure, the most likely determinant of intramyocardial tissue pressure.
The use of an experimental preparation with complete heart block and external ventricular pacing allows the selection and maintenance of slow heart rates, permitting a wide range of fractionaldiastolic occlusion durations. In addition, any possible effects of beat-to-beat changes in heart rate on coronary vascular resistance are eliminated. This preparation has the drawback of increased variability of left ventricular end-diastolic pressure due to asynchronous atrial and ventricular contraction. However, this is a random effect and should not influence the mean results.
The mechanisms active in myocardial reactive hyperemia following brief coronary occlusions have not been determined. The myogenic hypothesis, first proposed by Bayliss (1902) , postulates that vascular smooth muscle tone is regulated in response to changes in a counteracting force applied by the intravascular distending pressure. According to this theory, the fall in arterial pressure distal to an occlusion would reduce the passive mechanical stretch of the smooth muscle, causing active vascular tone and, hence, vascular resistance, to decrease.
In the past, the occurrence of reactive hyperemia following coronary arterial occlusions of one or two cardiac cycles duration has been taken as evidence that a myogenic mechanism is involved in coronary vasoregulation (Eikens and Wilcken, 1974; Olsson, 1975; Belloni, 1979 ). This assumption is based entirely on negative arguments for the alternative explanation that changes in myocardial metabolism, and hence metabolic vasodilation, would not occur during the course of occlusions briefer than several seconds. In support of this view, Olsson (1964) has calculated that myocardial myoglobin contains oxygen stores sufficient to sustain myocardial metabolism for 6 seconds and that myocardial lactate production, an indicator of anaerobic metabolism, cannot be detected in coronary sinus blood until 6 seconds of coronary occlusion have elapsed (Olsson and Gregg, 1965a) . If interpreted in this light, the results of the present study also indicate that a non-metabolic mechanism is operative in reactive hyperemia.
Other studies, however, indicate that myocardial metabolic perturbations could very possibly occur on a beat-to-beat basis. Harden et al. (1979) , studying isolated isovolumetric contracting rabbit hearts perfused with Krebs-Ringers solution, detected increased epicardial NADH fluorescence within 1-2 seconds of a coronary artery occlusion. This indicates a decrease in the reduction of oxygen at the terminus of the electron transport chain, due to a fall in mitrochondrial oxygen tension. Thompson et al. (1980) used a quick-freeze biopsy technique to measure adenosine and its degradation products at various points in the cardiac cycle of isolated perfused guinea pig hearts. The sum of the concentrations of adenosine, inosine, and hypoxanthine was significantly increased at mid-systole, compared to diastole. With the addition of an inhibitor of adenosine deaminase or of adenosine uptake, a significant rise in the concentration of adenosine itself was demonstrated at mid-systole. In addition, it should be noted that the oscillations of these metabolites were large in comparison to their mean levels; for example, the mid-systolic sum of adenosine, inosine, and hypoxanthine was more than double the diastolic level. The cyclic production of vasoactive metabolites, coincident with tension development and the major portion of myocardial oxygen demand (Monroe, 1964) , supports the hypothesis that coronary vascular resistance may be metered to myocardial metabolism on a beat-tobeat basis.
A wide range of other myocardial cellular constituents have also been shown to experience substantial cyclic variation around their time-averaged levels. These include cyclic AMP and GMP, ATP, creatine phosphate, the phosphate potential ({ATP}/{ADP} {Pi}), and various glycolytic products (Krause et al., 1971; Brooker, 1973; Wollenberger et al., 1973; Fossel et al., 1980) . Although none of these substances has been implicated in coronary vasoregulation, such studies also indicate that the sizes of many myocardial metabolic pools oscillate with considerable amplitude and with a period comparable to the duration of the occlusions performed in the present investigation.
The preceding arguments indicate that existing evidence in the literature is insufficient to attribute the reactive hyperemia following brief coronary artery occlusions to either myogenic or metabolic vasodilation, although both are plausible. The current data, likewise, do not provide direct evidence for either mechanism. Proving the existence of the former is not possible in any situation in which a decrease in intravascular pressure is accompanied by ischemia, which might stimulate metabolic mechanisms. Proof of the latter would require demonstration that brief coronary artery occlusions produce changes in myocardial oxygen tension or metabolite concentrations and that such changes are sufficient to affect coronary vascular resistance.
However, examination of certain characteristics of the data suggests that they are more consistent with a metabolic than with a myogenic mechanism. The myogenic hypothesis predicts that the degree of vasodilation resulting from an arterial occlusion is related to the magnitude of the intravascular pressure drop. In the present experiment, peripheral coronary pressure falls to lower levels with progressively longer fractional-diastolic occlusions. Thus, the observed dependence of the hyperemic responses on occlusion duration would be explained on the basis of a graded decrease in intravascular pressure. However, such an explanation would require that myogenic vasodilation is a highly nonlinear function of distending pressure, since, at a heart rate of 60 beats/min, a 100-msec occlusion with a 36 mm Hg average drop in peripheral coronary pressure generated no response, whereas a 200-msec occlusion, with a 49 mm Hg average pressure drop, caused a significant response. A 400-msec occlusion caused an additional pressure drop of only 8 mm Hg but almost doubled the blood flow debt repayment and response duration of a 200-msec occlusion.
Studies in skeletal muscle, a tissue in which myogenic control of blood flow is thought to be involved, do not support a myogenic explanation for the current observations. Smiesko (1971) studied the responses to 1-sec square-wave increases and decreases in perfusion pressure in isolated, denervated dog gracilis muscle. He found that, following the 1-sec change in perfusion pressure, the percentage decrease in vascular resistance and the duration of that decrease were linear functions of the amplitude of the square wave.
Alternatively, one could explain the lack of response to the lOO-msec occlusion at a heart rate of 60 beats/min by postulating that myogenic relaxation depends on both the magnitude and the duration of the intravascular pressure drop. Again, data from skeletal muscle do not support this explanation; reactive hyperemic flow has been shown to be unaffected by varying the occlusion duration between 3 and 30 seconds (Konradi and Levtov, 1970) .
The graded increase in the magnitude and duration of reactive hyperemia with occlusion duration demonstrated in the current data may be more readily interpreted as resulting from a graded increase in the production of vasoactive metabolites; however, the data provide no direct evidence for such a mechanism.
Our results also show that a fractional-diastolic occlusion of a given duration causes a larger hyperemic response at a higher heart rate. As heart rate increases at a fixed occlusion duration, the extent of the peripheral coronary pressure drop increases, as does the ratio of blood flow debt to control cyclic coronary blood flow. For example, a lOO-msec occlusion at a heart rate of 60 beats/min causes peripheral coronary pressure to fall an average 36 mm Hg and represents an average of 11% of the control cyclic coronary blood flow. At a heart rate of 120 beats/min, the same occlusion duration results in a 49 mm Hg fall in peripheral coronary pressure and corresponds to 30% of the control cyclic coronary flow. Thus, the increasing response with heart rate could be attributed to a stronger stimulus for either myogenic or metabolic vasodilation.
The characteristics of the latent period provide the strongest evidence for a metabolic, rather than myogenic, etiology for the reactive hyperemia following a fractional-diastolic occlusion. With every occlusion duration and heart rate examined in the present investigation, the onset of reactive hyperemia was delayed until the first post-occlusion systole, although this delay varied from approximately 50 to 500 msec (Fig. 5) . The existence of a latent period is consistent with the in vitro myogenic responses of isolated vascular smooth muscle strips (Sparks, 1964) or arterial segments (Davignon et al., 1965) to quick stretch. However, in the present experiment, if vascular smooth muscle is responding to decreased intravascular pressure during the occlusion, it is not apparent how the subsequent systolic contraction could determine the length of the latent period. In addition, if a myogenic mechanism were operative, coronary occlusions which represent equivalent myogenic stimuli would be followed by latent periods of equal length. This was not the case in these experiments. In the five open-chest dogs, both the 200-msec occlusions performed at a heart rate of 60 beats/min and the lOO-msec occlusions performed at 120 beats/min resulted in average peripheral coronary pressure drops of 49 mm Hg from the same starting pressure. Thus, these two interventions represent equivalent myogenic stimuli. However, the former intervention was followed by a latent period averaging 290 msec in duration; the latter intervention was followed by a latent period of approximately 50 msec. This discrepancy is inconsistent with a myogenic mechanism. More likely, the reduced perfusion during the diastolic occlusion sets up a metabolic deficit which is not sensed until the more rapid energy utilization of the next systole. For example, the systolic peak and diastolic trough of myocardial adenosine content reported by Thompson et al. (1980) implies that a sizable amount of adenosine is produced with each contraction and metabolized in the following diastole. If oxygen delivery is restricted in a given diastole, adenosine metabolism may also be reduced, resulting in an elevation of the diastolic adenosine trough. Whereas such an elevation may not be sufficient to cause diastolic vasodilation (in Do), the additional adenosine production in the first post-occlusion systole (So) might raise the systolic adenosine peak to a level at which vasodilation does occur. Of course, the ^ame reasoning would be equally applicable to any vasoactive substance that undergoes cyclic production and degradation, or cyclic release and reuptake, during each cardiac cycle. A rapid coupling between such metabolic events and coronary vasomotion is not surprising in view of the small diffusion distances in the myocardium. This kind of mechanism would represent an extremely sensitive beat-to-beat metering of coronary blood flow to metabolic need.
The possible involvement of neural influences in these responses was not investigated in the present study. However, if a brief coronary occlusion stimulated a neural reflex, it is unlikely that the time for completion of the reflex arc (i.e., the latent period) would depend on the occurrence of a postocclusion systole.
The observed responses are not due to refilling of capacitance vessels which emptied during the preceding occlusion. All such refilling must take place during the immediate post-occlusion flow spike. If refilling continued beyond this time, one would expect coronary vascular resistance to be below the control level during the ensuing Do period, a prediction not supported by the data.
